We sought to quantify the association between slow-wave (stage N3) sleep and hypertension in a large cohort of middle-aged men and women. Data from 1850 participants free of baseline hypertension from the Sleep Heart Health Study were analyzed. The primary exposure was percentage of N3 sleep on baseline in-home polysomnography and the primary outcome was incident hypertension, defined as systolic blood pressure ≥ 140 mm Hg, diastolic blood pressure ≥ 90 mm Hg, and/or use of any blood pressure lowering medications at follow-up. Multivariable logistic regression models were adjusted for study site, age, sex, race, waist circumference, tobacco use, alcohol use, apnea-hypopnea index, nocturnal oxygen desaturation, sleep duration, sleep efficiency, and arousal index. Mean age was 59.4 ± 10.1 years and 55.5% were female. The mean baseline systolic and diastolic blood pressure was 118.8 and 70.6 mm Hg, respectively. Approximately 30% of the sample developed hypertension during a mean follow-up of 5.3 years. In the multi-adjusted model, participants in quartiles 1 (<9.8%) and 2 (9.8%-17.7%) of N3 sleep had significantly greater odds of incident hypertension compared with those in quartile 3 (17.7%-25.2%) (OR 1.69, 95% CI 1.21-2.36, p = .002 and OR 1.45, 95% CI 1.04-2.00, p = .03, respectively). No significant effect modification by sex on the N3-hypertension association was observed. In conclusion, compared with intermediate levels of N3 sleep (overlapping the "normal" adult range), lower levels of percent N3 sleep are associated with increased odds of incident hypertension in both men and women, independent of potential confounders, including indices of sleep apnea and sleep fragmentation.
INTRODUCTION
The importance of sleep to cardiovascular health has become increasingly apparent over the past few decades. There is accumulating evidence that sleep disorders, [1] [2] [3] poor sleep quality, 4 and short sleep duration 5, 6 contribute to elevated blood pressure (BP). Sleep disordered breathing has additionally been shown to be causally associated with the development of hypertension. 7 There is less evidence regarding how sleep architecture, that is, the time spent in each distinct stage of sleep, affects cardiovascular health. Discrete sleep stages are linked to variations in the neuroendocrine and autonomic systems that regulate BP. Slow-wave sleep (also referred to as stages 3 and 4 or N3 sleep) is commonly referred to as "deep sleep" and is characterized by increased vagal tone and reduced sympathetic tone, and consequently decreased heart rate and BP. 8 Experimental studies of N3-sleep suppression in humans provide support for a role of N3 sleep in glucose homeostasis 9 and fluctuations in nocturnal BP. 10 It is therefore not surprising that a prospective study demonstrated that a low proportion of N3 sleep was associated with increased odds of incident hypertension. The study by Fung et al. of older men recruited from a community cohort showed that men with levels of N3 sleep in the lowest quartile had an increased adjusted odds (OR 1.83, 95% CI 1.18-2.85) of incident hypertension compared with men in the highest quartile of N3 sleep. 11 However, the generalizability of these findings to women and younger participants is unknown. The importance of considering generalizability to women is of interest, given evidence that N3 sleep declines more significantly with age in men than in women. 12 Therefore, we sought to determine whether N3 sleep is associated with incident hypertension in a large cohort of middle-aged men and women and to assess whether this association varies by sex. We hypothesized that N3 sleep is inversely associated with incident hypertension in both men and women, although the association would be stronger in men than in women.
METHODS

Study Design and Population
The sample was derived from the Sleep Heart Health Study (SHHS), a community-based, prospective cohort study designed to evaluate the cardiovascular consequences of sleep-disordered breathing. The methodology of the SHHS has been published. 13 Briefly, 6441 women and men aged 40 or older were recruited from seven larger "parent" cohorts and underwent a baseline examination (1995-1998) including a Sleep Habits Questionnaire, anthropometric and BP measurements, and overnight unattended polysomnography (PSG). Participants underwent a second examination (2001) (2002) (2003) ) after a mean follow-up of 5.3 years, at which time BP measurements were repeated. The present study includes 1850 participants with complete PSG and BP data who were free of hypertension at baseline, with available data for analysis (see Figure 1 for details participating institutions and all participants signed informed consent.
Outcome Definition and Covariates
At baseline and at follow-up, BP was measured manually in triplicate in a seated position after 5 minutes of rest. The average of the second and third measurements was used for this analysis. Hypertension was defined as a systolic BP ≥ 140 mm Hg, diastolic BP ≥ 90 mm Hg, and/or use of antihypertension medications. Questionnaires were administered to determine participant demographics, alcohol use, and smoking history, and medication use was ascertained by interview at each examination. Waist circumference was obtained from data collected by the parent studies. As previously described, 13, 14 in-home, single-night, unattended PSGs were performed and scored at a central reading center.
14 All sleep covariates were obtained from PSG. Percent N3 (SWS) sleep was defined as the percentage of total sleep time scored as N3 and, along with all other sleep stages, was scored using the standard criteria at that time. 15 Apnea-hypopnea index (AHI) was defined as the number of apneas and hypopneas per hour of sleep using a requirement for a 4% oxygen desaturation for hypopneas. Nocturnal hypoxemia was defined as the percentage of sleep time spent with oxygen saturation of <90%. The arousal index represents the number of EEG cortical arousals per hour of sleep. Sleep efficiency was defined as sleep duration divided by time in bed, where sleep duration was the total minutes spent sleeping as measured on PSG.
Statistical Analysis
Differences in sample characteristics across quartiles of percent N3 sleep and by incident hypertension were assessed using the Kruskal-Wallis test for continuous variables and chi-square test for categorical variables. To account for potential nonlinear associations, percent N3 sleep was categorized into quartiles. Incident hypertension was modeled using multivariable logistic regression models with N3-sleep quartile as the exposure of interest, adjusted for age, sex, race, site, waist circumference, alcohol use, and pack years of smoking. Quartile 3 was chosen as the referent as the values for the percentage of slow-wave sleep in this category overlapped the mean N3 level reported as "normal" in adults 16 and because it had the lowest incidence of hypertension. Additional models were adjusted for AHI, arousal index, percentage of time spent with oxygen saturation of <90%, sleep duration, sleep efficiency, and use of antidepressants (tricyclic and nontricyclic) or benzodiazepines. In secondary analysis, the same multivariable logistic regression models were repeated using quartiles of absolute time in slow-wave sleep as the exposure. Given our a priori hypothesis that results may vary by sex, an interaction was tested between percent N3 sleep and sex. SAS 9.4 (SAS Institute, Cary, NC) was used to conduct analyses.
RESULTS
Baseline Characteristics
The mean age of the sample was 59 ± 10.1 years; approximately 55% were female and 88% were white. At baseline, mean systolic BP was 118.8 ± 11 mm Hg and mean diastolic BP was 70.6 ± 8 mm Hg (Table 1) . In univariate analysis, individuals in the lowest quartile of percent N3 sleep (<9.8%) were significantly older, more likely to be male, have a higher waist circumference, and report increased alcohol intake and pack-years smoked. Those in the lowest quartile also had a higher AHI and arousal index and a lower sleep efficiency. They also spent a greater percentage of sleep time in stages N1 and N2 sleep and had greater nocturnal oxygen desaturation. Individuals in the lowest and highest quartiles of percent N3 sleep had shorter sleep duration than the middle quartiles.
A total of 550 participants (29.2%) developed hypertension at the 5-year follow-up exam. Compared with those without hypertension, those who developed hypertension were significantly older, had higher BMI and waist circumference, smoked more, and were more likely to report use of tricyclic antidepressants (Table 2) . They also had higher AHI and worse sleep quality with increased arousal index, lower sleep efficiency, and total sleep duration and spent more sleep time with oxygen saturation of <90%. Incident hypertension was more common in 
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Participants in the lowest quartile of N3 sleep (<9.8% time in N3) had the highest incidence of hypertension (n = 166 or 36.4%), whereas those in quartile 3 (17% to 25%) had the lowest incidence of hypertension (n = 106, 22.9%) (Figure 2 ). Values are n (%) or mean ± SD unless otherwise specified. BP indicates blood pressure; AHI = apnea-hypopnea index with 4% oxygen desaturation; ARIC = Atherosclerosis Risk in Communities Study; CHS = Cardiovascular Health Study; SaO 2 = oxygen saturation. Table 3 demonstrates the associations between quartiles of N3 sleep with incident hypertension using quartile 3 as the reference. In the primary model, adjusting for age, sex, race, study site, waist circumference, pack years of smoking, and alcohol use, there remained a significant difference in incident hypertension across quartiles of N3 sleep (p = .017, Table 3 ).
Post hoc tests comparing individual quartiles demonstrate that participants in quartiles 1 and 2 each had significantly higher odds of developing hypertension compared with quartile 3 such that those in quartile 1 had 69% higher odds of developing hypertension and those in quartile 2 had 45% greater odds of developing hypertension. No significant differences were observed between the highest two quartiles of N3 sleep. These associations did not substantially change after additionally adjusting for AHI, arousal index, nocturnal hypoxemia, total sleep duration, sleep efficiency, and use of antidepressants and benzodiazepines in separate models. Furthermore, after adjusting for both AHI and sleep duration in the same model, participants in the lowest quartiles of N3 sleep still had higher odds of incident hypertension compared with those in quartile 3.
Additional Analysis
Secondary analysis was conducted using absolute time in stage-N3 sleep as the exposure, again, with quartile 3 as the reference group. No differences were observed when using absolute time in stage N3 versus percentage of N3 sleep. These results are presented in Table 4 .
We did not find any significant variation in self-reported habitual sleep duration across the quartiles of N3 sleep (results not shown). Given our a priori hypothesis that results may vary by sex, an interaction term between percent N3 sleep and sex was also tested but was not statistically significant (p-interaction = .50).
DISCUSSION
This large prospective cohort study of middle-aged women and men showed that relative to intermediate levels of N3 (in a range considered to be "normal"), decreased N3 sleep was associated with increased odds of developing hypertension at a mean follow-up duration of 5.3 years. Furthermore, this association persisted after considering direct measurements of sleep disordered breathing, sleep duration, measures of fragmented sleep, or other potential confounders. Together, these results suggest that reductions in N3 sleep are likely to be an independent risk factor for hypertension. Our results are consistent with the only prior study evaluating the relationship between N3 sleep and incident hypertension, which demonstrated that older men with the lowest quartile of N3 sleep had a 1.8-fold increased risk of incident hypertension compared with men with the highest quartile of N3 sleep. 11 The higher mean percent N3 sleep observed in our study compared with that of Fung et al. is in keeping with the younger age of our cohort (mean age 59.4 vs. 75.1 years), as previous studies have consistently shown percent N3 sleep to decrease with increasing age. 17 The results of this study extend the literature by confirming these findings in middle-aged men and women using the largest study sample size to date. A key difference between our study and Fung et al. is that the protective effect of N3 sleep on the development of hypertension was highest in quartile 3 and not in quartile 4 (>25.2%). In fact, participants in quartile 4 had slight, albeit nonsignificant, increased odds of incident hypertension compared with those in quartile 3 (OR 1.2, 95% CI 0.86-1.68, p = .30). This may be explained by Values are n (%) or mean ± SD unless otherwise specified. the differences in the distributions of N3 sleep across quartiles between the two studies (quartiles 3 and 4 percent N3 sleep in Fung et al. were 10.2%-16.9% and >16.9%, respectively, compared with 17.7%-25.2% and >25.2% in the present study). Quartile 3 percent N3 sleep in the present study is comparable with the level of N3 sleep reported in healthy middle-aged adults 16, 17 and is comparable with quartile 4 in the study by Fung et al. Although larger samples may be needed to evaluate whether there is an increased risk of hypertension associates with high proportions of SWS, it is of interest that the "j-shape" relationship observed parallels that between sleep duration and several cardiovascular outcomes and cardiometabolic risk factors. [18] [19] [20] It is possible that high percentage of N3 sleep may be a surrogate marker for unmeasured comorbidity that may itself predispose to the development of hypertension. In accordance with our findings, an experimental study of selective N3 sleep suppression via EEG-guided nocturnal acoustic stimuli in healthy human subjects demonstrated attenuation in mean arterial BP dipping during the first half of the night, when N3 sleep predominates. 10 The primary mechanism underlying the relationship between reduced N3 sleep and increased nocturnal BP is probably related to alterations in autonomic nervous system activity during N3 sleep. N3 sleep is characterized by a reduction in sympathetic nervous system activity, increased parasympathetic activity, and subsequent reductions in heart rate and BP. 8, 10, 20 It is possible that chronically increased nocturnal elevations in BP may lead to persistent elevations of BP during the day, either through sustained changes in sympathetic-parasympathetic tone or by causing vascular damage, as has been postulated for the association between nocturnal hypertension, sleep disordered breathing, and daytime hypertension. 21 To that end, Tasali et al. demonstrated that selective N3 sleep suppression during three successive nights resulted in a shift toward higher sympathetic nervous activity as measured by spectral analysis of daytime heart rate variability. However, mean plasma cortisol profiles were unchanged after selective N3 sleep deprivation. 9 Our results do not address the question of whether it is possible to reduce the risk of hypertension in selected patients through enhancement of N3 sleep. Recently, there has been growing interest in enhancement of N3 sleep by various mechanisms, primarily to improve cognitive or memory deficits, or to improve adverse behavioral, psychological, and physiologic changes resulting from sleep deprivation. Studies assessing effects of drugs, 22, 23 transcranial direct-current stimulation, transcranial magnetic stimulation, acoustic stimulation, 24 and exercise intensity 25 on stage N3 sleep suggest that this is a modifiable trait and therefore a potential therapeutic target.
Strengths of this study include the use of standardized and objective measurements of sleep parameters using PSG, reducing error and improving precision. Use of a large community sample increases generalizability and this is the first study to report these findings in women and in middle-aged men. Limitations include lack of 24-hour ambulatory BP monitoring to fully describe diurnal BP changes. We also only measured N3 sleep using one night of PSG. However, prior research has shown N3 sleep to have high night-tonight reproducibility. 26 It is possible that individuals who had poorer sleep quality during PSG also are both more sensitive to environmental changes and are at increased risk for hypertension. Lastly, we did not have information on all antipsychotic medications or antiepileptic medications, which are known to affect stage N3 sleep. However, in our community sample, it is probably that such medication use would be uncommon.
In summary, after controlling for potential confounders including indices of sleep apnea, lower levels of percent N3 sleep are associated with increased odds of incident hypertension in both men and women. 
